We describe a simple, sensitive, and specific high-performance liquid-chromatographicmethod with ultravioletdetection (256 nm) for the simultaneous analysis of nicotine and cotinine in urine of passive smokers. The analytes are extracted and purified from the complex and impure matrix in two stages; first, by liquid-liquid extraction and followed by solid-phase extraction (C2 column). We used a "DB" C8 5-tim-particle column (25 x 0.46 cm) and a mobile phase of phosphate-citrate buffer and acetonitrile (91:9 by vol) containing 5 mL of triethylamine and 600 mg of heptanesulfonate per liter, adjusted to pH 4.4, to separate the compounds. Two internal standards (2-phenylimidazole and N-ethylnorcotinine) were used. The detection limit of the HPLC assay was <1 ig/L for both analytes. The average interassay CV for nicotine was 7.6%, for cotinine 6.5%, in the concentration range 0-60 ig/L. The mean analytical recovery of nicotine with respect to the internal standard N-ethylnorcotinine was 102% and that for cotinine was 99%; the mean absolute recoveries of the compounds were as follows: nicotine 85%, cotinine 87%, and N-ethylnorcotinine87%. To compare the HPLC assay results of 20 samples with the more-sensitive in-laboratory gas-chromatographic method with a nitrogen-phosphorus detector, we used both N-ethylnomicotine and N-ethylnorcotinineas internal standards. The mean correlation coefficient for nicotine values between the two methods was 0.934; for cotinine,
nine (3). Although very sensitive and specific, the GC method can be very difficult and requires frequent maintenance of the capillary column, the alkali metal bead, and the collector assembly (3). In addition, NPD-GC equipment is not as common as HPLC equipment in a laboratory.
Recently, a very sensitive 1251.. based RIA involving a polyclonal antibody removed of its "bridge antibodies" was reported for cotunine (4 sensitive, and quantitative method exists for the simultaneous assay of nicotine and cotinine in biological specimens of passive smokers. The potential of the simple and very common HPLC method with ultraviolet detection apparently has not been exploited. Only an abstract of a similar work with very few details (5) , and a report by Parviainen and Barlow (6) describing a liquid-chromatographic method that involves precolumn derivatization have been published. We recently reported an HPLC method (256 nm detection) for simultaneous assay of the two analytes in plasma of smokers (7) . We adapted that method to measure the much lower concentrations of the two analytes in urine of passive smokers.
Here, we describe a simple, sensitive, straightforward HPLC method (involving no derivatization) for measuring low concentrations of nicotine and cotinine in urine of passive smokers and report the precision, accuracy, and analytical recovery data for the assay. Recently, an extensive, worldwide interlaboratory comparison was made of the nicotine and cotinine values of plasma and urine samples of smokers and nonsmokers as determined by GC and RIA methods (8); however, this study did not include HPLC analyses of these samples. We developed and set up the sensitive and specific NPD-GC capillary column method of analysis for nicotine and cotunine in our laboratory and compared our HPLC results for 20 samples with those of the above GC method.
Materials and Methods

Reagents and Supplies
We used the following reagents: nicotine hydrogen We used a 15 m x 0.32 mm DB-5 column (J & W Scientific, Folsom, CA) with a helium carrier gas flow rate of 1.5 mL/min. The purge valve was tripped 1 mm after injection. The nitrogen-phosphorus detector had a helium makeup flow rate of 30 mL/min, a hydrogen flow rate of 5 mL/min, and an air flow rate of 90 mL/min; the alkali bead was set at a current reading of -100 pA. The GC injector temperature was 220 #{176}C and the detector temperature was 280 #{176}C. The oven temperature program was as follows: the initial temperature of 68#{176}C was held for 0.5 mm after injection, then the temperature was increased at 20 #{176}C/min to 185 #{176}C, held at 185 #{176}C for 10 mm, then increased at 15 #{176}C/min to 245 #{176}C, and finally held at 245 #{176}C for 3 mm.
Standard
and internal standard solutions. We prepared stock standard solutions as described earlier (7) , and N-ethylnornicotine salicylate were each prepared by dissolving the salt equivalent of 10 mg of free base in 100 mL of methanol. The working internal standard solutions contained either 25 (for CC) or 50 ng (for HPLC) of free base per 100 pL of solution. 2-Phenylimidazole was prepared in 50 mmol/L aqueous HC1 solution.
Samples. All 200 urine samples analyzed in the project were random (untimed) spot samples from children of ages 14 years. Some children were controls and others were patients with respiratory ailments in a pediatric pulmonary department, who were taking both oral and nasal medications.
The pH of all samples was Reconstitute the dried samples in 1 mL of sodium tetraborate buffer (50 mmol/L, pH 9.1) and add the samples to a C2 extraction column (preconditioned with 2 mL of methanol followed by 2 mL of sodium tetraborate buffer). Add the buffered analytes to the column at a flow rate of -0.5 mL/min. Wash the column with 4 mL of water, then with 0.1 mL of methanol/water (4/1 by vol), air-dry the columns under reduced pressure for 5 mm, and elute the analytes with 0.5 mL of methanol; add 100 pL of the methanolic HC1 to the eluate. Evaporate the solvent under nitrogen in a 40#{176}C water bath, reconstitute the sample in 130 pL of mobile phase, and inject 100 pL into the HPLC system with the autosampler.
CC. Extraction for this assay is the same as that for the HPLC method, with liquid-liquid extraction and then solid-phase extraction with C2 columns, except for the following changes: use 1 mL of urine or aqueous standard in the extraction and add both N-ethylnornicotine and N-ethylnorcotimne (25 ng of each) as internal standards to the sample or standard. 
Results and DIscussion
Urine is the preferred specimem instead of plasma and saliva because it is much easier to obtain, especially from infants and children. We studied urine specimens exclusively in this study. The concentrations of nicotine and cotimine in urine are somewhat higher than in plasma and saliva (2, 9), the latter samples being also very sensitive to the time lapse between exposure and sample collection. Thus, urine reflects better the smoking or passive-smoking status of a person over a longer period than does either plasma or saliva. Figure 1 shows representative liquid chromatograms of extracts of a water blank, an aqueous standard, and urine samples from two passive smokers. The chromatogram of a water blank is clean, with no peaks eluting near the compounds of interest in this work. Chromatograms of the aqueous standard and extracts from patients' samples contain sharp and symmetrical peaks, attesting to the merits of the column, mobile phase, and detection system selected. Chromatograms of patients' specimens contain many extraneous peaks. The assay time per sample is 50 miii. By automating the injection work for the assay, we could assay 25 samples (including standards and quality controls) in one day. One can analyze >25 samples by using a simple gradient setup.
In our earlier work (7) we used 2-phenylimidazole as the internal standard. But in a classical work in this area, Jacob et al. (10) observed that using compounds structurally quite similar to nicotine and cotiine (e.g., N-ethylnornicotine and N-ethylnorcotiine) as internal standards led to better estimates of accuracy, recovery, and precision in their CC work. The latter two internal standards are not commercially available in the U.S. and one must synthesize the compounds. Recently, we obtained these internal standards from Germany (see
Materials and Methods).
We wanted to verify the accuracy and dependability of our earlier work by using 2-phenylimidazole as the internal standard (7). Hence, we used the two internal standards, 2-phenylimidazole and N-ethyhiorcotinine, in our present HPLC study. But we could not include N-ethylnornicotine because it was not separated from nicotine in our method. We compared the nicotine and cotiine concentrations of 20 samples calculated by using 2-phenylimidazole as the internal standard with those calculated by using N-ethylnorcotinine as the internal standard. For nicotine, the Table 1 . Concentrations of the analytes cover the range normally found in urine of passive smokers. We found that the method results are linearly related to concentrations from 0 to 100 pgfL for both nicotine and cotinune. Table 2 gives the interassay and intra-assay precision data for urine samples from passive smokers.
The assay has good reproducibility, as is shown in Table   2 . The detection limit of assayed samples is <1 g/L for both nicotine and cotinine (defined as signal-to-noise ratio >5). Such a low detection limit was achieved by a combination of the column, mobile phase, ultraviolet detector with a flow cell of pathlength run, and they are very easy to clean because harsh chemicals (e.g., strong acid or alkali) and brushes are not necessary. We found that performing liquid-liquid extraction followed by solid-phase extraction gave much cleaner chromatograms, even when the HPLC instrument was operated at a high sensitivity setting (attenuation 21) necessary for the passive smoking study. We assayed >200 samples from children younger than 14 years by this HPLC method in the last year and determined accurately the concentrations of 99% of the samples without any interferences.
Nonetheless, care should be exercised in all determinations for possible interferences. The assay results correlate quite well with the extent of environmental tobacco smoke to which the young children were exposed in their homes (N. Mcliitosh and H. Howatt, manuscript in preparation).
The CC method with nitrogen-specific detection and a capillary column permits the simultaneous assay of nicotine and cotinine, has an on-column detection limit of -10 pg, and is more practical, inexpensive, and sensitive than the CC-mass spectroscopic method (11). We extracted and purified the two compounds from the rather dirty and complex urine matrix, first using liquid-liquid extraction and then solid-phase extraction. This ensured cleaner chromatograms and minimized the frequent maintenance of the column and the collector assembly. The analytes in the dried residue obtained after extraction are in the form of hydrochloride salts, which are very stable (7) , for as long as four days if refrigerated. We reconstituted the residue with 50 1L of and ethanol) (our unpublished observations). In the GC-NPD analyses, the organic solutions (of free base) obtained from extraction are not evaporated to dryness (3,10,12) .
But in HPLC, these solutions are evaporated to dryness under nitrogen and are exposed to air and light before injection. This short, inadvertant, but clear exposure of the nicotine free base to air considerably lowers the extraction efficiency (<50%) of the analyte (our unpublished observations). Apparently, the chemical instability of free nicotine free base in air and light is not clearly recognized. Freshly distilled (under nitrogen) nicotine is a straw-yellow liquid, but exposure to air and light turns it brown with gradual darkening, showing clearly the quick and facile oxidation of the free base. This chemical property of nicotine is very similar to other organic bases, e.g., aniline and pyridine. Cotiine, however, seems very stable as a free base. In any case, the free base organic solutions of the analytes should be converted quickly to their hydrochlorides before evaporation to dryness, particularly in HPLC assays. The most stable standards of nicotine and cotinine are their salt solutions (3, 7, 10) . Figure 2 is a representative gas chromatogram of a urine extract obtained in this work. Some of the urine samples of children assayed in this work did not give such clean chromatograms because the children were taking several oral drugs (e.g., theophylline, methotrexate, prednisone) and inhalers (e.g., albutrol, cromolyn sodium). In general, the gas chromatograms were more complex than the liquid chromatograms because of the higher, more-sensitive performance potentials of the NPD-GC and the complex nature of the urine matrix. In fact, owing to interferences, we could not get reliable nicotine and cotiine values (in comparison with our HPLC values) in some samples (see Table 3 ). Table 3 gives the comparative GC and HPLC values of nicotine and cotinine for the 20 passive smoking samples we 
